4 8 Background 4 9 7 2
genes are the first to be activated in the microspore, and their expression levels 1 0 2 decrease as pollen maturation approaches. The 'late' genes are activated after the 1 0 3 first microspore mitosis, and their transcripts accumulate during pollen maturation [7] . 1 0 4
One of the late genes in the developing microspore is annexin 5 (ANN5). ANN5 1 0 5 promoter activity was detected in the bicellular microspore, and maximum ANN5 1 0 6 transcript abundance correlated with pollen maturation [7, 8] . Annexins belong to a 1 0 7 ubiquitous family of proteins present in eukaryotic organisms [9, 10] localized to 1 0 8 various subcellular compartments [11] . Due to their calcium-and membrane-binding 1 0 9 capacity, annexins are known to be involved in a variety of cellular processes such as 1 1 0 actin binding, maintenance of vesicular trafficking, cellular redox homeostasis, and 1 1 1 ion transport [12] . ANN5 was previously characterized biochemically and, like other this, RNAi-based down-regulation of ANN5 resulted in enhanced pollen lethality [8] . However, the mechanisms through which ANN5 affects microspore development 1 1 8 remain unknown. Our results show that ANN5 function is not limited to male 1 1 9 gametophyte development but plays a central role during the entire reproductive 1 2 0 development process in Arabidopsis. We further show that ANN5 localizes to the 1 2 1 nucleus and the plastids, implicating ANN5 in crosstalk between cellular 1 2 2 compartments essential for the maintenance of cellular homeostasis. The experiments were carried out on Arabidopsis thaliana and Nicotiana background. The other Arabidopsis accessions: An-1, Bay-0, C24, Ler-1, Mr-0, Oy-0 1 2 8 and Wa-1 were obtained from NASC (http://arabidopsis.info/). Arabidopsis plants For phenotypic studies we used seeds of two selected ANN5-RNAi lines: ANN5-
RNAi_13, ANN5-RNAi_15, OE_2 line and wild-type Arabidopsis Col-0. Five seeds of opening. After fading of the first flower the time of silique formation was recorded. (http://www.r-project.org). Pollen grain size and viability were affected by altered expression of ANN5. Previous research showed that germination rates and pollen tube growth of ANN5 RNAi-3 7 7 silenced, OE, and wild-type pollen on a solid medium were similar and that the tubes were free of morphological aberrations [13] . Here, hand-pollination of pistils was used 3 7 9
to assess the ability of ANN5 RNAi-silenced and OE pollen grains to germinate and 3 8 0 elongate under natural conditions on stigmas. The pistils were collected 3, 6, and 24 3 8 1 hours after pollination and examined for pollen tube growth using a fluorescent were more equivalent. At 3 and 6 h after pollination the majority of the ANN5 RNAi- front of the longest pollen tube) than pollen from wild-type (0.88 mm) and ANN5-3 9 0 OE_2 line (0.91 mm) ( Fig. 3 ). However, this discrepancy was no longer observed 3 9 1 after 24 h (Additional file 5), by which time pollen tubes in all genotypes had 3 9 2 traversed to the ovary and reached the ovules. Pollen tube growth rate is a major 3 9 3 determinant of pollen competitive ability, and the arrested or delayed growth of ANN5 3 9 4
RNAi-silenced pollen tubes in the pistil is indicative of lower male gametophyte Total seed yield correlates with ANN5 expression level 3 9 7
Although pollen viability was reduced, ANN5 RNAi knockdown plants still produced shoot in all the genotypes tested ( Fig. 4C ). Up to the 15th silique on the main bolt, Above the 15th silique, average seed size was lower in ANN5 RNAi lines than in the The number of cells in which ANN5-GFP localized to the plastids varied significantly predicted to be localized in plastids, suggesting that many of these associations ANN5 in plastids, potential binding partners were identified from proteins predicted to 4 4 8 be localized in plastids (Additional file 6). Of these, RABE1b, which had the highest 4 4 9
Mascot score and was a putative GTPase predicted to be plastid associated, was 4 5 0 selected for further characterization. predominantly found within the plastid nucleoids and, to a lesser extent, in the were detected within the same plastidial nucleoids ( Fig. 6G ). FLIM-FRET analysis 4 5 8 1 was used to determine whether ANN5 and RABE1b interacted. In plastids, the 4 5 9 average lifetime of the donor, RABE1b-CFP, decreased significantly in the presence 4 6 0 of the putative acceptor ANN5-YFP ( Fig. 6J ). This confirmed physical interactions 4 6 1 between ANN5 and RABE1b in the plastidial nucleoids. To check whether ANN5 affects plastid-related functions we analyzed greening of 4 6 4
Arabidopsis seedlings with different ANN5 expression levels. To this end, the 4 6 5 seedlings were grown on MS medium in the absence or presence of sucrose, for ten interface [26] . ANN5 was also shown to possess the ability to bind lipids in a calcium- to membrane trafficking in a calcium-dependent manner. The results from this study provide new insights into the function of ANN5 during RNAi knockdown lines were smaller in size and their growth in the pistil was 4 9 9
hampered when compared with wild-type pollen grains ( Fig. 2 and Fig. 3 ). In addition 5 0 0 to its role in pollen grain development, through phenotypic studies, we showed that 5 0 1 ANN5 was also involved in both embryo development and the transition from of ANN5 with GFP inhibited its targeting to plastids while its nuclear distribution 5 1 5 remained unaffected (Fig. 5 ). This confirmed that the N-terminal domain was 5 1 6 essential for ANN5 import to the plastids. Moreover, mass spectrometry analysis of region, suggesting that this signal was not cleavable. However, a scenario in which 5 1 9
nuclear import of ANN5 does not require processing but import into the plastids 5 2 0 requires cleavage of the N-terminal signal peptide cannot be excluded. This scenario 5 2 1 would imply that transport of ANN5 from the nucleus to plastids is unidirectional or, 5 2 2 alternatively, that the N-terminal sequence is protected from cleavage in the plastids, 5 2 3 thus allowing shuttling of ANN5 between compartments.
2 4
Plastids are plant-specific organelles that possess their own genome and complete 5 2 5 gene expression system [27] . Each type of plastid, except gerontoplasts, contains 5 2 6 multiple copies of plastidial DNA arranged into compact structures termed nucleoids. and ribosome assembly [28, 29] . However, the majority of the proteins required for genome. An increasing body of evidence suggests that many nuclear proteins are 5 3 3 also targeted to the plastids. The mechanism of dual targeting for many proteins is 5 3 4 unclear. However, previous studies suggested that dual targeting might be either 5 3 5 simultaneous or sequential [30] . Proteins that were initially targeted to the plastids 5 3 6
and subsequently relocated to the nucleus might have a role in retrograde signaling.
3 7
This mechanism of translocation was recently confirmed for HEMERA/pTAC12, which was targeted first to plastids and, after cleavage of its transit peptide, was 5 3 9
relocated to the nucleus [31] . Our results suggest that ANN5 is localized primarily to 5 4 0 the nucleus and then relocates to plastids. We hypothesize that ANN5 translocates 5 4 1 from the nucleus directly to the plastidial nucleoid and then modifies plastid functions. and consequently in lower chlorophyll content. The fact that expression of the genes 5 5 0 examined is sensitive to plastid signals [32] [33] [34] [35] [36] suggests that ANN5 is involved in Collectively, through this work, we showed that ANN5 was required for basal RNAi -RNA interference, sd -short day, SD -standard deviation, VC -vegetative 6 5 0 cell. 
